C(CH 2 C1) 3 (CH 3 ), melting point T m = 291.3 K, shows in the DTA/DSC experiment a phase transition from an orientationally disordered plastic phase I into an ordered phase II at 7^" = 235.9 K. From 77 K up to the "Cl NQR spectrum is a triplet with (v in MHz, T=77 K) v t = 34.213, v 2 = 34.183, v 3 = 33.786. The 35 C1 NQR fade-out temperature T f = 247 K coincides with found from the DSC experiment. The plastic phase of 2-chloromethyl-2-methyl-l,3-propanediol is cubic bcc, Im3m, Z = 2 and the lattice constant increases linearly 755 pm at 235 K to 768 pm at 283 K. In the heating cycle we found (AH in kJ/mol): AH U^ = 12.0, ASJR= 1.0. The compound belongs to the group of plastic molecules formed by ellipsoid like distorted tetrahedra and is derived by substitution from methane.
Introduction
Tetrakis(hydroxymethyl)methane (pentaerythritol) forms a cubic orientationally disordered plastic high temperature phase I, Fm3m, Z = 4, a = 896.3 pm at 503 K. The melting point T m = 531 K, 7^" = 457 K; extensive work has been published on the properties of this compound. For the thermodynamics, see e.g. Murrill and Breed [1] . Nitta and coworkers have studied the plastic phase I [2] [3] [4] [5] [6] [7] [8] as well as the ordered phase II. The latter one was studied by several groups of authors extensively: Llewellyn et al. [9] , Eilerman and Rudman [10] , Hvoslef [11] , Shiono et al. [12] , Lonsdale [13] , and Ladd [14] . For diffuse scattering on pentaerythritol see also Terauchi [15] . Further structural studies on pentaerythritol have been published, such as 'H-NMR by van der Lugt et al. [16] and by Smith [17] ; for surface conductivity see Thomas and Evans [18] . A variety of thermodynamical studies on C(CH 2 OH) 4 besides the ones already mentioned are found in literature, see Barone et [40] , and Wagner and Dengel [41] . Also electron diffraction including molecular orbital calculations are known for several compounds of this group by Braathen and Stolevik [42] , by Laszlo [43] , Rustad and Stolevik [44] , Stolevik [45] , Stolevik and Bakken [46] . Studies on the dipole moments and molecular structure by Le Fevre et al. [47] , Lumbroso and Lauransan [48] and Mortimer et al. [49] 4 , and C(CH 2 I) 4 [24, 25, 29, 36, 40] , whereas for C(CH 2 OH) 3 (CH 2 Cl) the existence of a plastic phase is reported [34], We found it interesting to study how the appearance of a plastic phase in pentaerythritol related molecular compounds is connected with the substitution pattern and report here some properties of 2,2-bis(bromomethyl)-l,3-propanediol, C(CH 2 Br) 2 (CH 2 OH) 2 , a compound (A) 2 (B) 2 and of 2-chloromethyl-2-methyl-l,3-dichloropropane, C(CH 2 C1) 3 (CH 3 ), a compound C(A) 3 B, that is the exchange of two OH groups of pentaerythritol by Br, respectively the exchange of one CH 2 C1 group in C(CH 2 C1) 4 by CH 3 . Martinsen et al. [51] found for 2-chloromethyl-2-methyl-l,3-dichloropropane in infrared studies T m _, = 289 K and a plastic phase reaching down to T,^n = 253 K. Also electron diffraction, molecular orbital calculations, and the dipole moment are known for this compound [48] , Stolevik [52] , Bushweller et al. [53] and Braathen et al. [54] .
Experimental
Commercial (Aldrich) 2,2-bis(bromomethyl)-l,3-propanediol, C 5 H 10 Br 2 O 2 , was purified by recrystallization from n-hexane. The thermodynamic data were measured with homemade DTA equipment and Setaram DSC 121. On selected small crystals the structure was determined by single crystal diffractometry. From the collected diffraction intensities, after correction for absorption and Lorentz-polarisation factor, the structure was determined by direct methods (Shelix programs [55, 56] . No phase transition solid solid was observed by DTA/DSC.
Commercial (Aldrich) l,l,l-tris(chloromethyl)ethane, C 5 H 9 C1 3 , was fractionated by distilling it twice in vacuo. X-ray powder diffraction was applied for the structure determination of phase I. The lattice constant at 235 K was found from least squares refinement of the reflections (110). First we shall report the crystal structure of 2,2-bis(bromomethyl)-l,3-propanediol. In Table 1 we have collected the experimental conditions of the crystal structure work and crystallographic data found for C 5 H 10 Br 2 O 2 . Figure 1 shows the numbering of the atoms in the molecule C 5 H 10 Br 2 O 2 , including the 50% contour of the electron density (thermal ellipsoids). In Fig. 2 Table 2 .
shown in Fig. 3 , in which also the hydrogen bonds are marked. Positional parameters of the atoms, including the thermal parameters are given in Table 2 .
In Table 3 we have listed the intramolecular bond distances and bond angles. Relevant intermolecular distances and the data of the hydrogen bond scheme can also been found there.
The C-C bond distances are found in the range 151-153 pm, equal within the limits of error and within the limits for aliphatic distances d(C-C) reported in literature. There may be a very small stretching of d(C-C) by the substitution of one hydrogen atom in the CH 3 groups by OH compared to the substitution H->Br. As for the angles in the tetrahedron 
C{CH 2 Cl) 3 (CH 3 )
2-chloromethyl-2-methyl-1,3-dichloropropane melts at 291.3 K. DTA/DSC measurements have shown, see Fig. 4 , that there are two phase transitions in the solid state. An orientationally disordered plastic phase I exists. Form DTA/DSC we found the thermodynamic data given in Table 4 .
The DSC/DTA results show that there is no undercooling of the melt in the crystallization process. The temperature-range of the orientationally disordered phase is broad (247-291 K) in the heating cycle with a hysteresis and a depressed transition I -11 in the cooling cycle, where the plastic phase extends from 291 K down to 236 K. The reduced melting entropy The structure of the disordered phase I is bcc, Im3m, Z = 2. The lattice constant is shown in Fig. 5 as a function of temperature. It should be mentioned that also the space group with the lowered bcc symmetry I43m should be discussed. However there is no decision on the basis of the presently available X-ray diffraction data. At 235 K we observe fl (235K) = 755.2(1) pm. The linear thermic expansion coefficient is 3,235 K)= 1/0(235 K) (<Wd T) p = 3.434 • 10~4 K" 1 .
As one expects in first approximation, the 35 C1 NQR spectrum is a fairly narrow triplet which was studied from 77 K up to the fade out temperature T f . It covers the frequency range form 34.2 MHz (v l5 113.9(7)
108.8(5) pj(l,C3)_£ (3) Table 5 the results of the 35 C1 NQR study are collected:resonance frequencies at selected temperatures and the coefficients «j of the power series development v^X^T', -1<I'<2. The three Cl atoms in the molecule are chemically equivalent and the splitting is due to the crystal field. This field leads also to a molecular symmetry in the solid phase II, which does not show any symmetry element. Furthermore we learn from NQR that there is no intramolecular disorder (in the arrangement of the CH 2 C1 groups). The electric field gradient. EFG, is defined at each of the three CI sites. The frequencies of the 35 C1 NQR decrease with increasing temperature, as one expects according to the Bayer model [58] for a molecular crystal temperature dependence of NQR frequencies. It is interesting to note that T f -246 K for the NQR lines coincides with the thermodynamically determined T n _,, showing that the dy- Table 5 . 35 C1 NQR frequencies of (C1H 2 C) 3 C(CH 3 ) at selected temperatures and coefficients a, of the power series
z is the number of experimental measurements, a is the mean squares deviation (in kHz). The power series approximation is valid for the range 77<T/K<240. namics of the CH,C1 groups in phase II is rather weak, up to and the ordered phase II has no "predisorder" below T IWI . In Fig. 6 the temperature dependence of the 35 C1 NQR triplet is shown graphically. 
Conclusion
The substitution of the four hydrogen atoms of a methane molecule by two hydroxymethyl-, HOCH 2 -, and two bromomethyl-groups, BrCH 2 -, results in the title compound investigated here, which shows no plastic high temperature phase. When substituting all hydrogen atoms by four BrCH 2 -groups, one obtains the also non plastic tetrakis(bromomethyl)methane, C(CH 2 Br) 4 [33] . If the replacement is done by two BrCH 2 -groups and two methyl-groups, the compound l,3-dibromo-2,2-dimethylpropane, (CH 3 ) 2 C(CH 2 Br) 2 , is formed, which also shows no plastic high temperature phase, as shown via vibrational spectroscopy by Gatial et al. [31] . Looking at the shape of this molecules, we can conclude that mainly size effects suppress the existence of a plastic phase. The plastic phase in tetrakis(hydroxymethyl)methane, C(CH 2 OH) 4 , disappears by substituting two OH-groups by two Bratoms. Following Bondi [59] , the van der Waals radius r vdW for a HOCH 2 -group is approximately 310 pm. That one of a BrCH 2 -group is remarkably larger (r rdW (BrCH 2 -) = 350 pm). Therefore the van der Waals surface in C(CH 2 OH) 2 (CH 2 Br) 2 deviates considerably from globular shape. This leads, within the structure of the crystalline phase II, to a severe molecular interlocking and finally to a suppression of molecular rotation in the lattice.
From the crystallographic point of view there is another basis for interpretation. The distances O-O in the crystal structure of C(CH 2 OH) 2 (CH 2 Br) 2 are 269 and 273 pm, showing that the molecules in the lattice are connected together to layers by rather strong hydrogen bonds. Parallel to these layers, other planes are running in which the molecules are only connected by van der Waals interactions, mainly Br<->Br. One can imagine now that by supplying thermal energy the weaker bonded layers are widened more easily by lattice vibrations than the polar ones, thus leading to destruction of the crystal lattice and melting before molecular rotation sets in. However, in pentaerythritol, C(CH 2 OH) 4 , the hydrogen bonds are directed in three dimensions, so the lattice is expanding symetrically until the thermal energy is sufficient to break the hydrogen bonds and transform to the plastic phase. This shows us the important influence of hydrogen bonding on the appearance or non-appearance of a rotator phase.
l,l,l-tris(chloromethyl)ethane, (CH 3 )C(CH 2 C1) 3 , shows an even more complicated behaviour. Substituting step by step the methyl-groups in neopentane, C(CH 3 ) 4 , which forms as plastic phase [60, 61] , by chloromethyl-groups leads to the compounds C(CH 3 ) 4 _"(CH 2 C1)"(n = 1 -4). With the exception of tetrakis(chloromethyl)methane, C(CH 2 C1) 4 , they all show an orientationally disordered plastic phase [33, 51, 62, 63] . That the latter exhibits no plastic behaviour seems to be surprising, because one would expect that the molecule with highest symmetry should be most easily excited to rotation. But if we look upon the series of four times substituted derivatives of neopentane, C(CH 2 X) 4 (X = F, OH,CI, Br, I), we can see that the compounds X = F, OH form plastic phases [1, 2, 37] , those with X = CI, Br, I do not [33], We suppose that here also the size of the halomethylgroups, XCH 2 -, is a determining factor for the existence of a high temperature phase. In tetrakis(fluoromethyl)methane, C(CH 2 F) 4 (r vdW (CH 2 F) = 290 pm), and in pentaerythritol, C(CH 2 OH) 4 (r vdW (CH 2 OH) = 310 pm), the molecules show an approximately spherical van der Waals surface. In the compounds C(CH 2 X) 4 (X = C1,Br,I) the halomethyl-groups are already so voluminous (r vdW (CH 2 Cl) = 350 pm, r vdW (CH 2 Br) = 375 pm, r vdw (CH 2 I) = 410 pm) that the van Waals surfaces of the molecules show increasing depressions. This leads to a considerable molecular interlocking of the molecules and thus suppresses the transition to a plastic phase. In the compounds C(CH 3 ) 4 _ "(CH 2 C1)" (n = 1,2,3) the molecules show a severe deviation from the ideal spherical shape. Due to the lower symmetry of the molecules, however, one can assume a molecular arrangement that will result in a less dense packing, thus effectively reducing the interlocking between the molecules. That is why rotation of molecules is facilitated in those compounds. But all these assumptions we can not prove because for the compounds with « = 1,2,3 the crystal structures of the crystalline low temperature phases are not known.
Possibly also a mass effect plays a part. So, the thermodynamics region of existence of the plastic phase decreases remarkably from n = 1 to n = 3, while the melting temperatures are increasing. This shows that more and more thermal energy must be supplied for a transition to a plastic phase.
In conclusion one can state that mainly three influences are responsible for the appearance of an orderdisorder transition in the pentaerythritol derivatives discussed here and in literature. One is the size effect of the substituents (van der Waals radii) on the shape of the molecules, another the existence of hydrogen bonds, and last but not least the symmetry of the molecules. But the interplay and interaction of these effects is complex, and so it is hard to decide which is the determining factor for the appearance or non-appearance of a plastic phase.
